Acoustic properties related to the linguistic features which characterize the semivowels in American English were quantified and analyzed statistically. The features can be divided into those which separate the semivowels from other sounds and those which distinguish among the semivowels. The features of interest are sonorant, syllabic, consonantal, high, back, front, and retroflex. Acoustic correlates of these features were investigated in this study of the semivowels. The acoustic correlates, which are based on relative measures, were tested on a corpus of 233 polysyllabic words, each of which was spoken once by two males and two females. For the most part, the appropriate distinctions are made by the chosen acoustic properties for features. However, for each property, there was some overlap in the acoustic correlates of features for the sounds being distinguished. An examination of the sounds in the overlap regions reveals that their surface manifestation varies substantially from the canonical form. In large part, the observed variability can be explained in terms of changes due to feature spreading and lenition.
INTRODUCTION
An acoustic study of the sounds/w j r l/was conducted as part of the development of a semivowel recognition system (Espy-Wilson, 1987 }. Recognition of the semivowels is a challenging task since, of the consonants, the semivowels are most like the vowels and, due to phonotactic constraints, they almost always occur adjacent to a vowel. Thus, acoustic changes between semivowels and vowels are often quite subtle so that there are no clear landmarks to guide the sampling of acoustic properties.
Many studies have examined some of the acoustic and perceptual properties of one or more of the semivowels in English (Lisker, 1957 ; O'Connor et al., 1957; Lehiste, 1962; Kameny, 1974; Daiston, 1975; Bladon and A1-Bamerni, 1976; Bond, 1976) . These studies have primarily focused on the acoustic and perceptual cues that distinguish among the semivowels and the coarticulatory effects between semivowels and adjacent vowels. For the most part, these studies have looked at simple contexts and a limited set of acoustic properties. While the results of past work were used to guide the present examination of the semivowels, this study differs from previous research in that the acoustic properties investigated were chosen to be closely related to the abstract linguistic features which comprise a phonological description of the semivowels. We examine acoustic properties for features that not only distinguish among the semivowels, but that also separate the semivowels from other sounds. The acoustic properties were analyzed to quantify how the surface manifestation of the semivowels changes with context. The results obtained support previous findings, namely that formant information can be used to distinguish among the semivowels. In addition, there are new findings about the variability of some acoustic properties assumed to be associated with the semivowels. For example, not all prevocalic and intervocalic/1/'s are associated with spectral discontinuities. Finally, the acoustic properties of some of the other sounds also change with context. In particular, some underlyingly voiced obstruents surface as SOhorant consonants and, in some cases, they resemble one or more of the semivowels. Some of these variations were also examined.
We will argue that the variability observed in the acoustic manifestation of the semivowels and some of the other sounds can be characterized in terms of changes in the phonological features.
I. REVIEW OF THE ACOUSTIC PROPERTIES OF

SEMIVOWELS
Spectrograms of the semivowels are shown in Figs. l and 2 where they occur in word-initial position before the front vowel/i/and the back vowel/u/. As can be seen, the semivowels have properties that are similar to both vowels and consonants. Like the vowels, the semivowels are produeed orally without complete closure of the vocal tract and without any frieation noise. As is also true for the vowels, the degree of constriction needed to produce the semivowels does not inhibit voicing. Thus, as shown in these figures, the semivowels and vowels are both voiced with no evidence of frication noise. In addition, the slower rate of change of the constriction size for the semivowels than other consonants results in slower spectrum changes for these sounds compared to other consonants. For example, the spectrogram of the word "you" in Fig. 1 shows that the formants during the /j/stay relatively constant for about 130 ms before they move toward the appropriate values for the following vowel. Thus, as in the case of vowels, a voiced steady state is often observed in spectrograms of the semivowels. Like the other consonants, the semivowels usually occur at syllable margins. That is, they generally do not have or constitute apeak of sonority. {Sonority, in this case, is equated with some measure of acoustic energy.) As shown in Figs. 1 and 2, one or more of the formants during the semivowels is considerably lower in amplitude than it is during the following vowels. In the case of/w/, it is F3 and the higher formants which are weaker. In the case of/j/, F 3 and the higher formants are fairly strong, but F2 is not. For/1/, there is less energy in the high-frequency range starting around F4 for "lee" and F3 for "1ou." Finally, F3 and the higher formants are lower in amplitude during/r/. The relatively low amplitude of the semivowels as compared to the vowels is probably due to a combination of factors: a low-frequency first formant (Fant, 1960) , a large F 1 bandwidth caused by the narrower constriction (Bickley and Stevens, 1986) , or interaction between the vocal folds and the constriction (Bicklcy and ). At present, this phenomenon is not well understood.
The semivowels/w/and/j/are often referred to as glides or transitional sounds. They are produced with constant motion of the articulators. Consequently, the formants in the transition toward or away from adjacent vowels exhibit a smooth gliding movement. The semivowels/w/and/j/ are produced with vocal-tract configurations similar to those of the vowels/u/and/i/, respectively, but with a more extreme constriction. As a result,/w/has lower F 1 and F2 frequencies than/u/, and/j/has a lower F 1 frequency and usually a higher F2 or F3 frequency than/i/. These differences can be seen in the words "woo" and "ye" of Fig. 1 .
The glides occur in prevocalic and intervocalic positions within a word, such as the/j/in "you" and "yo-yo" and the /w/in "we" and "away." In addition, they often occur phonetically {even though they are not phonologically specified) as part of the transition between two adjacent vowels.
An example of this manifestation of a glide is the intervocalic /j/sound often observed between/i/and/o/in the pronunciation of"radiology" ( [redijologi] vs [rediologi] ).
The semivowels/1/and/r/are often referred to as liquids. Sproat and Fujimura {submitted) found from articulatory and electromyographic data obtained from several speakers that the production of all English/l/'s involves both an apical and a dorsal gestural component. The key articulatory distinction between the two well established variants of/1/, light or clear/1/(as in "Lee") and dark/1/ {as in "feel"), is that in dark/1/the tongue body is more retracted than in light/1/, resulting in a much lower F2. Sproat and Fujimura argue that this allophonic variation is not categorical, but is the degree to which the apical and dorsal gestures are realized and the timing between the two gestures. Specifically, they found that in addition to a significantly greater retraction of the tongue dorsum for dark/1/ compared to light/1/, the maximum tongue dotsum position for the dark/1/is achieved well in advance of the maximum tongue tip position. On the other hand, during the ges-ture for the light/I/, the tongue tip position is reached before the tongue dorsum position is achieved. In the case of light/l/, the apical gesture usually involyes the placement of the center of the tongue tip against the alveolar ridge. The often rapid release of the tongue tip from the roof of the mouth results in a spectral discontinuity between the/1/and the following vowel (Daiston, 1975) . JoGs (1948), reported that/1/is always marked at its beginning and/or end by an abrupt shift in the formant pattern.
Along this line, Fant (1960) observed that the identification of an/1/relies on a sudden shift up off I from the/l/into the following vowel. Finally, Daiston (1975) found that this abrupt shift in F 1 is often accompanied by a transient click in the acoustic spectrum. Some of these properties can be observed at the boundary between the/1/and the following vowels in Fig. 2 .
In the case of dark/1/, Sproat and Fujimura (submitted) report that apical contact is less robust even though it was made during all of the/1/productions in their study. Giles and Moll (1975) found in an x-ray study of English/1/ that apical contact for dark/l/'s was not always achieved for all speakers and is dependent upon phonetic context and speaking rate. In addition, they found that the mean peak velocity of the tongue apex movement is significantly slower for dark/1/. Furthermore, they found that dark/1/shows undershoot ofarticulatory positions with increases in speaking rate. This slower and incomplete apical gesture may help explain why dark/1/productions are not associated with an abrupt spectral change.
Although the distribution of dark and light/1/varies across speakers, canonical syllable-final/1/is dark and, in many dialects, syllable-initial/1/is light. Sproat and Fujimura (submitted) found in their study of preboundaryl intervocalic/1/in the falling stress context/i_ [/that the quality of the/1/depends upon the phonetic duration of the rime which contains it. (They also show a correlation between the duration of the preboundary rime and the strength of the phonologieal boundary.) Specifically they found that as the rime becomes longer, the tongue body for/1/becomes lower and more retracted. Therefore, intervocalic/1/occurring before a major intonation boundary is dark. On the other hand, they found that the preboundary/1/preceding the weakest boundaries are as light as initial /1/. These data support previous findings by Lehiste (1962) and Blandon and AI-Bamerni { 1976) which show that certain preboundary intervocalic/1/productions are lighter in quality than preboundary/1/in prepausal position.
American/r/may be produced with either a retroflexed or bunched articulation (Delattre and Freeman, 1968 In summary, many of the acoustic properties which characterize the semivowels have been examined in previous studies. However, this work has largely focused on formant measurements. In this investigation of the semivowels, acoustic properties calculated from formant measurements and energy-based parameters are quantified and analyzed so that we can study to a greater extent some of the variability that occurs in the surface forms of the semivowels. Furthermore, the acoustic properties are related to the linguistic features which provide a framework for understanding the changes that occur. The semivowels occur adjacent to vowels which are stressed and unstressed, high and low, and front and back. In developing the database, words were chosen that contained several semivowels so that they satisfy more than one category. The distribution of the semivowels in terms of word position and stress is given in Table I . Examples of words in these categories are given in Table II . While most of the contexts contain several words, there are a few for which 
B. Speakers and recordings
For recording, the words were embedded in the carrier phrase" pa." The final "pa" was added in order to avoid glottalization and other types of utterance-final variability. Each word was spoken once by two males and two females. Given that there are several words in most categories (see Table I The speakers were students and employees at the Massachusetts Institute of Technology. The female speakers were from the northeast and the male speakers were from the midwest. All were native speakers of English and reported having normal hearing. The speakers were recorded in a quiet room with a pressure-gradient close-talking noise canceling microphone (part of Sennheiser HMD 224X microphone/headphone combination). They were instructed to say the utterances at a natural pace.
C. Initial processing
The utterances were digitized using a 6.4-kHz low-pass filter and a 16-kHz sampling rate. The speech signals were also pre-emphasized to compensate for the relatively weak spectral energy at high frequencies (a particular issue for *3norants). Finally, the test words were excised and hand transcribed. This process resulted in 2378 vowels, 1689 semivowels, 479 nasals, and 1894 obstruents (stops, fricatives, and affricates). Specific characteristics of measures and measurement procedures will be indicated in Sec. III.
Segmentation and labeling of the waveforms was performed by the author with the help of playback and displays of several attributes including LPC and wide-band spectra, the speech signal and various bandlimited energy waveforms (Cyphers, 1985; Shipman, 1982; Zue etal., 1986) . The Merriam-Webster Pocket dictionary provided a baseline phonemic transcription of the words. However, modifications of some of the labels were made based on the speakers' pronunciations. In addition, when transcribing the database, we did not normally consider the/w/and/j/offglides of diphthongs as being separate from the vowel. In some instances, however, the offglide of a diphthong which was followed by another vowel was articulated with a narrow enough constriction that a semivowel label was inserted. On the other hand, some underlying postvocalic liquids, particularly/1/, in words like "almost" were not always clearly heard. In these instances, the liquid was often omitted from the transcription.
D. Feature analysis
Distinctive feature theory was used to provide a guide to understanding what acoustic properties we should look for to characterize the semivowels. In addition, distinctive feature theory provides a basis for understanding how the acoustic properties of the semivowels may change as a function of context. A feature specification of the semivowels is given in Tables III and IV. Table III "+ "indicates that the designated feature is present in the representation of the sound, and a" --" indicates the absence of the feature. We also found it necessary to distinguish between initial and final/1/allophones on the basis of the features consonantal and back. As stated earlier, several researchers have observed a sharp spectral discontinuity between a prevocalic /1/and a following vowel due to the rapid release of the tongue tip from the alveolar ridge, as we would expect with a change in the feature consonantal. On the other hand, in the production of postvocalic/1/, alveolar contact is often not realized or is realized only gradually, so that the spectral change between it and a preceding vowel is usually gradual.
In addition, a final/1/is more velarized than an initial/I/. Thus, F2 is much lower and close in value to that of the back and rounded/w/.
Finally, the feature retroflex is used to distinguish/r/ from all other sounds. Although the term "retroflex" is used, this feature relates to the acoustic consequence of either a bunched or retroflexed tongue shape. Table V shows the acoustic properties for the features in Table III and IV (with the exception of the feature nasal) and the parameters used for their extraction. To make them insensitive to variations in speaker, speaking rate, and speaking level, all of the properties are based on relative measures instead of absolute thresholds. That is, a measure either examines an attribute in one speech frame 3 in relation to another frame, or, within a given frame, examines one part of the spectrum in relation to another nearby part of the spectrum.
In the following sections, we will examine how well the properties listed in Table V rate of change that can be captured by this measure. The onset and offset waveforms were examined during the time interval between each consonant and its neighboring vowel (s). We defined the onset of the consonant to be the maximum absolute value of the onset waveform occurring between the preceding vowel and the consonant. Likewise, we defined the offset of the consonant to be the maximum value of the offset waveform occurring between the consonant and the following vowel. The time at which these values occur are indicated by arrows in parts (c) and (d) of Fig. 6 . Figure 7 shows the data on the onsets and offsets across all words and all speakers. The units of the onset and offset values are like dB since the channel outputs after nonlinearities have been applied are approximately linear with amplitude at low signal levels and logarithmic at higher signal levels (Seneft, 1986, p. 88). The data for/1/are separated from/w j r/since, of the semivowels,/1/is most associated with spectral discontinuities. Several observations can be made from the data. First, in general, the spectral changes between obstruent consonants and adjacent vowels are more rapid than the spectral changes between semivowels and adjacent vowels. Second, the spectral change between/1/and adjacent vowels tends to be more abrupt than the spectral change between the other semivowels and adjacent vowels. We also observed a strong relationship between the stress pattern of the words and the rate of spectral change between the consonants and adjacent vowels. That is, onsets and offsets associated with consonants that precede stressed vowels are significantly stronger than those associated with consonants that precede unstressed vowels, presumably because the constriction is tighter and the release is more rapid. For example, compare the rate of spectral change between the prevocalic/1/and adjacent vowels in the words "blurt" and "linguistics," and between the intervocalic/1/and surrounding vowels in "walloon" and "swollen" shown in 
C. Syllabic measure
Because they are more constricted and hence have a relatively low F 1, the semivowels usually have considerably less energy in the low-to midfrequency range than the vowels. Like other consonants, the semivowels usually occur as nonsyllabic sounds adjacent to syllable nuclei at a syllable boundary. That is, they generally do not have or constitute a peak of sonority, where we are equating sonority in this case with a mid-frequency acoustic energy measure. An acoustic manifestation of a syllable boundary appears to be a significant dip within some bandlimited energy contour. To access the difference in energy between semivowels and vowels, and, more generally, between consonants and vowels, we used to bandlimited energies in the frequency ranges 640-2800 Hz and 2000-3000 Hz. We chose the fre- quency range 640--2800 Hz because, relative to the vowels, the lower F 1 for the semivowels is expected to cause a deerease in the amplitudes of the formants in this region. However, we found that several intervocalic/r/'s have energy levels in this range which do not differ from those found on surrounding vowels, presumably because of the proximity of F2 and F3. To avoid this problem, we also examined the bandlimited energy from 2000 to 3000 Hz. Since F3 is normally between 2000 and 3000 Hz for vowels, but falls near or below 2000 Hz for/r/, /r/ will usually be considerably weaker in the 2000-to 3000-Hz range than an adjacent vowel(s).
Measurements of the midfrequency energy of semivowels are based on energy contours like the one in Fig.  9 . All measures are relative to energy in an adjacent vowel. The depth of the energy dip is considered to be the difference (in dB) between the minimum energy within the consonant, point B, and the maximum energy within the adjacent vowel(s), point A and/or point C.
In the case of syllables with prevocalic consonants, the difference in energy between the prevocalic consonant (point B) and the following vowel (point C) was computed. For syllables with postvocalie consonants, the difference in energy between the pastvocalic consonant (point B) and the preceding vowel (point A) was computed. Finally, for intervocalic consonants, both the differences in energy at points C and B and points A and B were computed. The depth of the energy dip was taken to be the smaller of the two differences.
As a basis for comparison with the semivowels, the depths of several types of intravowel energy dips were computed as well. An illustration of this procedure is shown in Fig. 10, which not all vowels will have this type of energy waveform shape so that there will not always be a point X and a point Y. In these cases, the intravowel energy dip is simply 0 dB. This energy measure is compared with the energy difference between intervocalic consonants and surrounding vowels. The results of these measurement procedures are plotted separately in Fig. 11 for prevocalic, intervocalic, and postvocalic consonants. In each plot, the consonants are divided into obstruents, nasals, and semivowels. Also included in the figure are the data for the energy changes within vowels. The data show that the difference in midfrequency energy between the consonants and vowels is, on average, much greater than the energy change within vowels. Of the energy changes between consonants and adjacent vowels, the energy change associated with the semivowels is almost always smallest. In addition, as the standard deviations show, there is sometimes considerable overlap between the distributions of the energy changes within vowels and the energy changes between semivowels and adjacent vowels. On closer examination of these data, patterns in their distribution emerge across consonantal contexts.
I. Prevocalic consonants
In general, the difference in midfrequency energy between the prevocalic semivowels and following vowels is greater than the midfrequency energy change within the beginning portions of word-initial vowels. However, word position has a strong effect on the phonetic realization of the semivowels. There is a more significant energy change be- tween semivowels and following vowels if the semivowel is not in a cluster with another consonant, but is word-initial. Furthermore, if the semivowel is in a cluster with another consonant, there is a greater energy change between it and the following vowel if the preceding consonant is voiced, ensuring that the semivowel is also completely voiced. In addition to the contextual influence of preceding consonants, the degree of stress of the following vowel also matters. There is a more pronounced energy change between the semivowel and vowel if the vowel is stressed.
Intervocalic consonants
In intervocalic positions, most of the semivowels showed substantial differences in energy compared to neighboring vowels. The energy dip computed for these VCV segments was greater than 2 dB for 90% of the semivowels. Of the other semivowels which did not show a substantial difference in energy relative to adjacent vowels, 33% were /j/'s, 14% were /r/'s and 5% were /l/'s. Most of these semivowels follow a stressed vowel and precede an unstressed vowel, such as the/1/in "astrology" and the/r/in "guarantee." This lack of an energy dip for semivowels in this environment may be a case of phonetic lenition.
While the majority of vowels do not normally have such energy dips, there were several instances of vowels with energy dips comparable to those between intervocalic consonants and adjacent vowels. An examination of such vowels showed that, in general, those with such significant energy dips were either and/ Data across all words containing intersonorant clusters are shown in Fig. 15 . For comparison, we also included the duration of the energy dip regions when there is only one sonorant consonant occurring between two vowels, an intervocalic nasal or semivowel. In this case, the energy offset and energy onset will correspond to the consonant onset and offset, respectively. Although there is no normalization for variability in speaking rates, the results in Fig. 15 show a distinct pattern. The distributions of the duration of energy dip regions associated with only one sonorant consonant and those associated with two sonorant consonants where the first consonant is a liquid are essentially the same. However, the average duration of the energy dip regions associated with two sonorant consonants where the first is a nasal is considerably longer than those of the other cases. We can infer from this pattern that the energy offset in the cluster where the first member is a postvocalic liquid occurs after the postvocalic liquid so that only one of the sonorant consonants is contained in the energy dip region. On the other hand, the energy offset in the cluster where the first member is a postvocalic nasal occurs before the postvocalic nasal so that both sonorant consonants are part of the energy dip region.
These results show that postvocalic liquids which are followed by another sonorant consonant are not a part of the energy dip region. Instead, they appear to be a part of the acteristics. Thus they conclude the prevocalic /I/ functions as a consonant while postvocalie/1/is vocalic in nature. Along this line, Sproat and Fujimura (submitted) postulate that a gesture involving a nonperipheral articulator (such as tongue dotsum retraction) is attracted to the syllable nucleus whereas a gesture involving a peripheral articulator (such as the tongue tip) is attracted to syllable margins. With this assumption, they too conclude that postvocalic /l/, which has a more significant tongue dorsal retraction than prevocalic/1/, should be considered more vocalic.
D. Formant frequency measures
Important information for distinguishing among the semivowels are the frequencies of the first three formants (F 1, F2, and F31 . Given minimal-pair words, it has been shown (Lisker, 1957 ; O'Connor et al., 19571 that F l separates the glides/w/and/j/from the liquids/1/and/r/, F2 separates/w/from/1 r/from/j/, and F3 separates the liquids/1/and/r/. The data in this study concur with these observations. A formant tracker (Espy-Wilson, 19871 was used to automatically extract the first four formants during the sonorant regions of the words in the database. The frequencies off 1, F 2, F 3, and F4 were estimated by averaging the value at the time of a minimum or maximum in a particular formant track and the samples in the preceding and following frames within the hand-transcribed semivowel region. In the case of/w/and/l/, the values of the formants were averaged around the time of the F2 minimum. For/j/, the formant values were averaged around the time of the oe2 maximum, and for/r/the formant values were averaged around the time of the F 3 minimum. Thus the formants were measured during the time when the vocal tract could be expected to be most constricted.
We normalized the formants by computing bark differences to reduce the acoustic variability due to contextual effects and speaker differences and to better capture some of the acoustic properties. Chistovich and Lublinskaya (1979) have postulated that when two formants are within a critical distance of 3.0 to 3.5 bark of each other, they are interpreted by the auditory system as one spectral peak whose frequency is at the center of gravity of the prominence. Syrdal and Gopal (1986) , in an acoustic study using the Peterson and Barney (1952) The formant frequencies obtained in this study are in agreement with previously reported data. The results across speakers are shown in Table VI (F1-F0, F2-F1, F3-F2, and  F4-F 3 ) and bark differences (B 1-B 0, B 2-B 1,B 3- The data in Table VI show that the difference B I-B 0 is, on average, less than 3.5 bark for the prevocalic and intervocalic semivowels and, in this sense, this measure puts them in the same class as the high vowels. In addition, B I-B 0 is smaller for the glides/w/and/j/than for the liquids/1/and /r/. Finally, postvocalic liquids have the highest mean difference. This is not surprising since they tend to be less constricted than the prevocalic allophones.
Back-front measures
In sounds that are [ + back ], the body of the tongue is retracted from the neutral position, resulting in a lowered F 2 that is closer to F 1 than F 3. Of the semivowels, this lowering ofF2 is especially salient for/w/since F2 is lowered further by rounding of the lips (introduction of the feature round) and by a greater narrowing of the lip opening (introduction of the feature labial). For front sounds, on the other hand, the tongue body is displaced forward in the mouth relative to the neutral position. Consequently, F2 is raised so that it is closer to F 3 than to F !. Of the semivowels, this F2 raising is especially marked for/j/. In addition to fronting of the tongue, the production of/j/involves a raising of the tongue blade toward the roof of the mouth (in troduction of the feature coronal), creating a narrow channel between the front of the tongue and the hard palate. This configuration results in a further reduction in the distance between F 2 and F 3 and it produces an F 3 which is close to F4. The "spectral center of gravity" of the broad prominence formed byF2, F 3 and F4   is in the region ofF3 or higher (Carson et al., 1970) . Syrdal and Gopal (1986) found that theB 3-B 2 dimension distinguished between front and back vowels. As shown in Table VII , the B 3-B 2 dimension classifies /r/ and /j/ as front, and/w/and/1/as back. In the case of/w/, the large distance between F 3 and F 2 implies a close spacing between F 1 and F2. As stated above, the feature back is strengthened in /w/ by the features round and labial ). This enhancement is evidenced by the B 2-B I difference in Table VI . If we exclude those semivowels that are in clusters with unvoiced consonants where they are likely to be at least partially devoiced, the mean B 2-B 1 difference for the prevocalic /w/ is reduced from 3.6 to 3.1 bark and it remains substantially higher than 3.5 bark for the other prevocalic semivowels. In terms of their distribution, 69% of/w/productions have a difference B 2-B l less than 3.5 bark, whereas only 13% of/1/and 4% of/r/productions fall into this category. Similarly, in the case of the intervocalic semivowels, 61% of/w/'s have a B 2-B 1 difference less than 3.5 bark whereas only 26% of/l/'s and 3% of/r/'s fall into this category. Thus, the spacing between F2 and F 1 for most /w/'s is close enough that they may be perceived by the auditory system as one formant according to the conclusions of Chistovich and Lublinskaya (1979) . Most of the/w/'s with a larger spacing between F 1 and F2 are either adjacent to a nonback vowel (s) and/or they are in an unstressed context such as those in the words "withhold" and "periwig."
As compared to the/1/in prevocalic or intervocalic positions, the postvocalic/1/has a much closer spacing between F I and F2. In fact, the difference That is, as Delattre and Freeman (1968) found, lip rounding accompanies all prestressed prevocalic American /r/'s.
However, from listening to these tokens and judging from their formant frequencies, it appears that speakers, two in particular, produced a sound that is a cross between/w/and /r/. For example, in one repetition of the word "rule," F2 within the/r/is as low as 620 Hz, which is in the expected F2 range of/w/. However, F3 is 1240 Hz which is too low for a /w/, but in the F3 range of/r/. In this case, B 3-B 2 is 4.3 bark.
The postvocalic/r/'s with a B 3-B 2 difference greater than 3.5 bark are not word-final, but occur in words like "forewarn" and "harlequin," where they are followed by a /w/or an/1/. In this environment, two effects can occur. First, F2 in the/r/is usually reduced by the velarization or rounding occurring within these back sonorants. Second, the /r/is often merged with the preceding vowel so that the surface manifestation of the vowel and following/r/is an /r/-colored vowel. An example where both phenomena occur is shown in Fig. 19, which is a spectrogram of the While/r/and/j/both have a close spacing between F3 and F2, the frequency range of this spectral prominence is quite different. For/r/, this prominence occurs in a midfrequency range between 1000 and 2000 Hz. On the other hand, for/j/, this spectral prominence occurs in a high-frequency range between 2000 and 3000 Hz. Thus, as stated above, the feature front for/j/is enhanced by the feature coronal (Stevens et al., 1986), resulting in a broad spectral prominence which includes F2, F3, and F4. Figures 16 and 17 show that /j/always has a B 3-B 2 difference less than 3 bark. In fact, as can be seen from Table VI, the average spacing between F2 and F4 is also within the critical separation of 3.0 to 3.5 bark.
Retroflex measure
The major acoustic consequence of the feature retroflex appears to be a low third formant. For a typical male speaker, the frequency ofF3 for an/r/is usually at or below 2000 Hz. As a result, F3 and F4 are usually well separated whereas the difference between F3 and F2 is small. The data in Table VI The average and standard deviation of the F 1 differences between vowels and adjacent semivowels are plotted in Fig. 20 . The data show that F 1 normally increases from a prevocalic semivowel into the following vowel. F 1 is also consistently lower in an intervocalic /w/ and /j/ relative to its value in the adjacent vowels. This is also the case for many intervocalic/r/'s and/l/'s. However, when the liquids are adjacent to both a high vowel and a low vowel, their F 1 values will sometimes lie somewhere between the F 1 frequencies of the neighboring sounds. In the few cases where a postvocalie liquid had a higher F 1 than that of the preceding vowel, the vowel is characterized as high and, therefore, it normally has quite a low F 1 frequency. Examples of such words are "cartwheel" and "clear."
F2 transitions
The average and standard deviation of the F2 differences between vowels and adjacent semivowels are plotted in Fig. 21 . The data show that F2 generally increases between a /w/ or /1/ and an adjacent vowel, and it usually decreases between a/j/and an adjacent vowel. However, between an /r/and surrounding vowels, F 2 may increase or decrease. In the case of prevocalic/r/, a decrease in F 2 from/r/into the following vowel mainly occurred when/r/was in a cluster with a preceding coronal consonant such as the/d/in "withdraw." In addition, there were a few cases where the F2 differences between the vowel/u/and the preceding wordinitial/r/in the words "rule" and "roulette" were also negative. However, in all but one case, there was an initial rise in F2 from the/r/before it fell into its lower value for the/u/.
This type ofF2 trajectory was also noted by Lehiste (1962) . Hz. An example of this phenomenon can be seen in the spectrogram and formant tracks of the word "froward," which is displayed in Fig. 23 . Although F3, due to its low amplitude, is not always visible within the/w/the direction of the F3 movement can be inferred from the visible transitions in the adjacent vowels, and it is apparent in the accompanying formant tracks.
If we exclude those/w/'s which are either adjacent to a retroflexed sound or one segment removed from a retroflexed sound (e.g., "guarani"), the average increase in F 3 from a prevocalic /w/ into a following vowel is 105 Hz. For intervocalic/w/'s, the average increase in F 3 into the following vowel is 70 Hz and the average increase into the preceding vowel is 164 Hz. Finally, the F 3 differences involving/I/show that F 3 is almost always substantially higher in/1/relative to a preceding vowel, and that there is usually little change in F3 between/1/and a following vowel. These data support previous findings (Lehiste, 1962) which show that F3 for/1! tends to be equal to or higher than that of adjacent vowels.-However, as can be inferred from the standard deviations, there are several instances where a prevocalic and intervocalic/1/had a substantially lower F 3 frequency than that of the adjacent vowel. This phenomenon, which usually occurs when/1/is adjacent to a front vowel, was observed in words such as "leapfrog" and "Swahili," where F3 is already at a high frequency, close to F4.
IV. GENERAL DISCUSSION
The results of this investigation have shown that the acoustic measures used in this study for the features sonorant, syllabic, consonantal, high, back,front, and retroflex are, for the most part, extracting relevant information from the speech signal. That is, the quantified acoustic properties for these features generally separate the semivowels from other sounds and distinguish among the semivowels. The acoustic measures are summarized in Table V In addition to the overlap between the distributions for /w/ and /1/, overlap between the distributions for the semivowels and other classes of sounds show that a recognition system based only on the acoustic properties for features investigated in this study will not always be able to recognize correctly the semivowels.
In light of our general goal of a semivowel recognition system, it is important to understand why this overlap occurred. From our analysis, we attribute the exceptions to several reasons. First, the results of this study suggest refinements in the acoustic properties. For example, the feature high groups all of the prevocalic semivowels together even though a division should be made between the liquids and glides. This lack of discrimination suggests that other considerations may need to be taken into account in the development of the appropriate acoustic properties for features. In particular, it may be the case that the acoustic correlates of some or all of the features differ depending upon whether the sound is vocalic and thus the vocal tract is relatively open, or nonvocalic and thus the vocal tract is more constricted.
Second, there is the segmentation problem. As the F3 transition data for/r/of Sec. III E show, speech sounds often overlap, at least to some extent, so that some of the strongest acoustic evidence for a feature that is distinctive for a particular sound may occur outside of the region transcribed for Ihat sound.
Finally, labeling of the segments is an issue. The labeling of some sounds is inherently subjective even with a phonemic transcription available as a reference. In some pronunciations of words like "flower," a clear/w/will be heard and in others the presence ofa/w/will be questionable. In addition, there are feature changes which occur in some contexts, but they are not anticipated in the transcription. For instance, even though the underlying /v/ in "everyday" shown in Fig. 5 is realized as a SOhorant consonant as opposed to a fiicative consonant, the label assigned to this portion of the speech signal does not reflect this large acoustic change. Thus, mismatches between assigned labels and the expected acoustic properties are to be expected. By relating the measured acoustic properties to the articulartory correlates for features, we are able to understand these feature modifications as changes in articulation.
As the results ofSecs. IIIA and C show, the semivowels can in general be separated from other sounds (except nasals) on the basis of the acoustic properties for the features + SOhorant and --syllabic. However, blurring of this distinction between semivowels and most other sounds does sometimes occur (e.g., the example of "everyday" mentioned above). This apparent neutralization is caused by a reduction in the degree of the constriction normally made in the production of consonants--usually poststressed consort- Another distinction which is sometimes obscured by lenition is the separation of/l/from the other semivowels on the basis of the acoustic property for the feature consonantal.
The results of Sec. III B show that not all prevocalic/l/'s are associated with abrupt spectral changes. As stated in Sec. I, several researchers (Joos, 1948; Fant, 1960; Daiston, 1975) have noticed some type of sharp spectral discontinuity between/1/and a following vowel. In agreement with this observation, the data in Sec. III B show abrupt spectral changes between/1/and following stressed vowels. However, the results also show that the spectral change between prevocalic/1/(as well as other consonants) and following unstressed vowels can be quite gradual. In this case, the prevocalic/1/does not appear to be consonantal.
Another category of variability observed often in this V. SUMMARY
In conclusion, we have studied several acoustic properties of the semivowels which generally separate them as a class from other speech sounds, and which distinguish among them. In addition, we have observed how the acoustic properties of the semivowels and of other sounds can change as a function of context. The observed variability can be understood in terms of production and, at the more abstract level of features, in terms of lenition and assimilation. These feature altering processes can occur independently and simultaneously. Understanding variability in terms of how and when features may change and which features are invariant has implications for the representation of lexical items. Such knowledge should not only help us understand the human speech system, but it may also contribute to the development of feature-based systems for speech recognition and to the synthesis of natural sounding speech. tThe preboundary/l/'s occurred before phonological boundaries which varied in strength so that in some cases (e.g., before a major intonation break) the/1/is syllable final and in other cases (e.g., between two vowels) it is unclear whether the/1/is syllable final or syllable initial.
